Abstract. In literature a model was described for the simulation of the breakdown behaviour of SF 6 . As input parameters, results from swarm experiments -the critical field strength and the effective ionization coefficient -and thermodynamic properties are sufficient. Recently it was shown that it is possible to transfer this model to another strongly attaching gas. In this contribution the model is applied to tetrafluoromethane (CF 4 ), which has smaller critical field strength and is less attaching than SF 6 . Further, the breakdown field strengths of alternating and lightning impulse voltages of different field configurations -from homogeneous to inhomogeneous fields -are predicted for CF 4 . A comparison to experimental results from literature shows a good agreement. Thus, the model is applicable not only to predict partial discharges and breakdown voltages in strongly attaching gases but also to gases less attaching than SF 6 .
Introduction
Tetrafluoromethane (CF 4 ) is the simplest compound of the perfluorocarbon gases (PFC). The gas is used in many technical applications e.g. as refrigerant [1] , as plasma etchant, and in particle detectors [2] . In high voltage technology, CF 4 is used as admixture for circuit breakers in cold climate regions to prevent liquefaction of the gaseous isolation [3, 4, 5, 6] .
Since the late 1940s, CF 4 has been in the focus of research investigating its dielectric properties. Thus, many contributions can be found investigating the breakdown behaviour in pure gas, e.g. [7, 8, 9, 10, 11, 12, 13, 14, 15, 16] , and in gas mixtures with sulphur hexafluoride (SF 6 ), e.g. [17, 18, 19, 20] , as well as concerning the properties on the molecular level, e.g. [2, 21, 22, 23, 24, 25, 26, 27] . Thus, the properties of CF 4 are well known. During the early research the gas was one of the candidates as an insulating gas better than air, later it was considered as replacement candidate for SF 6 . Although the ozone depletion potential is zero, the global warming potential over a period of one hundred years is with 7390 quite high compared to CO 2 [28] . Hence, CF 4 will not serve as an alternative without any admixture.
The traditional approach to search for alternatives to today's most used insulating gas in gas insulated switchgear (GIS) -SF 6 -is via classical breakdown measurements [29] .
Recently, a new attempt was presented to find gases and gas mixtures for insulation purpose [30] . Starting with a quantum chemical simulation identifying suitable candidates [31] , the measured swarm parameters of these molecules, especially the effective ionization coefficient and the critical field strength, will be used to simulate the breakdown behaviour in relevant geometries under different voltage stresses.
The simulation of the breakdown behaviour is based on the findings of Seeger et al [32, 33] . Recently we have shown that this model can be applied to octafluoropropane (C 3 F 8 ) [34] as another strongly attaching gas. Only small adaptations were necessary to achieve good agreement between the experimental and theoretical data. As the characteristics of C 3 F 8 , in particular the critical field strength and the sensitivity to surface defects, are similar to those of SF 6 , it is necessary to further examine the method with other gases.
For this purpose the well known and widely used CF 4 gas was chosen. The critical field strength of CF 4 is 146 Td [25] , about half of the value of SF 6 . The slope of the effective ionization coefficient at the critical field does not differ much between CF 4 and SF 6 [15] . The resulting figure of merit, which is inversely related to the sensitivity to surface defects, is considerably higher than for SF 6 : (p · h) crit,CF4 = 26 MPa µm vs. (p · h) crit,SF6 = 6 MPa µm, with the pressure p and the protrusion height h [15] . At the same pressure, protrusions in CF 4 can be more than four times as high as in SF 6 until their influence on the field distribution is pronounced enough to lower the breakdown voltage. Thus, the sensitivity to surface roughness is less pronounced in CF 4 . Further, large electron drift velocities are reported [21] . In contrary to SF 6 , which mainly attaches thermal electrons, the main attachment in CF 4 occurs in the range of 6 eV to 10 eV [35] via dissociative attachment processes [2, 21] . The characteristic attachment time according to Morrow [36] is still short with about 700 ps. Therefore the streamer channel field will be equal to the critical field strength and a discharge propagation via the stepped leader process is possible [37] .
For SF 6 Bujotzek [38] proposed a scheme to extend the simulations of Seeger et al [32, 33] to evaluate the breakdown voltages for alternating (AC) and lightning impulse (LI) stresses over a wide range of field configurations relevant for high voltage technology. With this simulation it is also possible to identify if the breakdown voltage is determined by the availability of a start electron or by the possibility of discharge propagation.
The aim of this contribution is to show if it is possible to model a less attaching gas according to the simulations presented by Seeger and co-workers [32, 33] as it was possible for the strongly attaching gas C 3 F 8 [34] . Beyond this, the extension to other electrode geometries -from smooth to highly disturbed -will be examined. Finally breakdown voltages are calculated. A comparison to literature data will give evidence if this can be done successfully with the model proposed by Bujotzek [38] . This second step will provide the basis of the last piece needed in the novel evaluation of new molecules according to [30] .
The structure of the paper also represents the two parts of this contribution: The methods are introduced in section 2. The following section 3 gives the results and a discussion of the experimental determination of discharge inception and breakdown voltages and their modelling. The prediction of breakdown voltages for arbitrary field geometries based on the simulation of partial discharge and breakdown voltage modelling is provided in section 4.
The paper is concluded in section 5.
Methods

Simulation of partial discharges and breakdown fields
For the simulation of partial discharge inception and breakdown field strengths the model developed by Seeger and co-workers [32, 33] is used. Good results were already achieved describing the phenomena in C 3 F 8 [34] . The simulation is based on the stepped leader model [37] and involves some simplifications and restrictions which are summarized in [34] .
The simulation models the discharges at a small metallic protrusion of length L in a homogeneous background field E hom (applied voltage divided by the gap distance). See also figure 1 for a schematic. At the protrusion either positive or negative voltage is applied. Throughout this contribution the terms "positive protrusion" and "negative protrusion" are used as abbreviation for a protrusion with positive or negative voltage applied, respectively.
The critical electric field at the given pressure p is denoted by E crit . All results are expressed by the reduced background field strength x [32]:
In a first step, the extension of the streamer corona l starting at the tip of the protrusion is calculated. The protrusion can be the metallic tip, at the beginning of the discharge development, or the tip with an additional leader channel. With the extension of the streamer corona, determined by the total protrusion length and the applied voltage, the charge Q within the corona is [32] :
with the vacuum permittivity ε 0 . Two mechanisms are known to initiate the streamer to leader transition: the stem mechanism and the precursor mechanism [37] . The model assumes that for the initiation via stem mechanism the whole corona charge is needed. This is denoted by a factor α 1 = 1. The initiation via precursor mechanisms starts at the outer boundary of the streamer corona and thus, only a small fraction α 2 < 1 of the corona charge Q participates. The charge heats the initial streamer resulting in an overpressure. This drives a channel expansion, causing a density reduction, until the pressure inside the channel is equal to the environmental pressure. The temperature increase and the density decrease results in a lowered critical field strength inside the new leader segment leading to a voltage rise at the end of the channel. This eventually leads to a new streamer corona in front of the channel. If the applied voltage is sufficiently high the discharge can propagate stepwise through the gas gap. Otherwise the propagation stops, which is denoted as arrested leader. A crucial point of the calculations is the initial streamer radius R, which is inversely proportional to the pressure p [37, 32] : Due to the different directions of avalanche evolution for the two polarities, the radius scaling parameter C s is smaller for positive voltages applied to the protrusion [37] . The simulation needs some parameters to describe the respective gas which are summarized in table 1 for the calculations of CF 4 .
The simulation results in three characteristic pressure dependent values:
• the streamer inception field x inc ,
• the minimum breakdown field x min ,
• the upper limit of delayed breakdowns x max .
With increasing applied voltage first the streamer inception field x inc is reached. This is denoted by the fulfillment of the streamer criterion. For the calculation, the effective ionization coefficient is taken from [41] and the value for the streamer constant N = 10.5 is chosen according to [42] . At further increased voltage, the first breakdown occurs with a delay between the first discharge and the breakdown, the so called formative time lag t f . This lower breakdown limit is described by x min and can be related to the stem mechanism for leader inception [37, 32] . With further increasing voltage, the delay between the first discharge and the breakdown reduces. At x max breakdowns always occur immediately with the first discharge. According to [32] this can be related to the precursor mechanism (α 2 < 1). The values for α 2 , C s,pos , and C s,neg are a priori unknown. As in the case for C 3 F 8 , they are adapted to the experimental data [34] .
The temperature dependent input data is calculated with the Cantera software [40] . The basis of those calculations is the dissociation of the gas with increasing temperature assuming thermodynamic equilibrium. The results obtained with the software agree well with literature data [26, 27] . Thus the enthalpy, the normalized density and the critical field strength can be determined as functions of the temperature. For details please refer to [34] .
Experimental setup for determination of model parameters
The adaption of the model parameters α 2 , C s,pos , and C s,neg is based on time lag measurements. For these experiments a high voltage source as depicted in figure 1 is used. It consists of a two stage Grainacher cascade which doubles and rectifies the applied AC voltage and charges the capacitor C 2 while the switch is open. After the charing process the AC source is disconnected, then the switch is closed. This results in a step voltage at the test object with a steep rising front with rise times of less than 1 µs to the maximum of the voltage. No overshoot occurs. The step voltage is measured with the capacitive voltage divider consisting of C 3 and C 4 . The test object is a homogeneous field configuration with local field enhancement. The field enhancement is produced by a small needle which is inserted in the ground electrode. The needle and the electrode are isolated from each other which enables to measure the current resulting from the discharges. Further, the discharges are observed by a photomultiplier. Both measurements are used to identify the discharge pulses. A more detailed description is provided in [34] . For the investigations at 0.2 MPa an additional pulsed x-ray source [43] is used to provide start electrons for avalanche forming. As the source provides high energy x-rays, they penetrate easily through the enclosure and no additional window in the test vessel is needed. The x-rays are applied approximately 20 µs after the voltage rise. They can ionise molecules in the critical volume and thus, eliminate the statistical time lag. With this procedure the streamer inception voltage can be exactly determined. Further details are given in [44] .
These geometries used for the time lag measurements are predominantly "principle" geometries to study the partial discharge and breakdown behaviour. But they can also be related to small conductive particles which can be located in gas insulated switchgear and cause a reduction of the insulation capability. 
Prediction of breakdown voltages
Bujotzek and Seeger describe an extension of the above model of partial discharge inception and breakdown voltages to predict the breakdown field strengths of different electrode configurations under various voltage shapes [38] . They examined the behaviour of homogeneous electric fields with protrusions from 20 µm (for an excellent smooth surface) to 3 mm (large particles) for AC and DC voltages and positive and negative lightning impulses.
Three values are of interest for the description of the breakdown behaviour:
(i) The availability of a first free electron. This corresponds to the statistical time lag. For negative protrusions free electrons are mainly provided by cold field emission from the cathode. The field dependence is represented by the Fowler-Nordheim equation [45, 46] . At positive protrusions electrons are either directly created by ionization processes within the critical volume (i.e. the volume where the local field strength exceeds the critical field strength) or detach from negative ions drifting into the critical volume.
(ii) The field strength at which the streamer integral is fulfilled.
(iii) The breakdown field strength. The short duration of a lightning impulse only allows immediate breakdowns. Therefore, the breakdown limit is described by x max . AC and DC voltage applications are longer, thus, delayed breakdowns are possible as well. In these cases x min describes the minimal voltage where breakdowns occur.
Reaching the breakdown field strength implies that the streamer integral is fulfilled. Hence, two factors can limit the breakdown voltage: (i) the breakdown field strength. For AC and DC voltages partial discharges are possible in the field range between the streamer inception field strength and the breakdown field strength.
(ii) the availability of the first electron. In this case, the breakdown condition described by x min and x max is fulfilled but no electron starting an avalanche is available. An example is found in figure 6 in [38] : the breakdown in the homogeneous field with a 1 mm protrusion with AC voltage application and SF 6 insulation is determined by the first electron in the pressure range from 0.3 MPa to 0.4 MPa.
Determination of model parameters
Experimental results of time lag measurements
Time lag measurements with both geometries presented in section 2.2 are performed. The artificial protrusions of 1 mm and 3 mm height served as starting point for the discharge processes. In the experiments two characteristic times are evaluated: the statistical time lag t s , which is the time between voltage application and first partial discharge, and the formative time lag t f , which is the time between the first partial discharge and breakdown. Figure 2 gives the results for positive and negative protrusion for both geometries (t s : open squares and open circles, t f : triangles). The experiments without x-ray application are coloured in grey, the ones with radiation in black. The small dots indicate the instant of x-ray application at the voltages investigated. This is the upper limit for statistical time lags during x-ray experiments. The statistical time lags t s behave similarly in all cases. They start with delays of several seconds and decrease towards time lags in the range of 1 µs to 0.1 µs with increasing voltage. The formative time lags t f show the same pattern for negative protrusions. They first occur in the range of seconds at voltages higher than the partial discharge inception. Then they fall steeply to time lags below 1 µs. These short formative time lags mean direct breakdowns, i.e. the first discharge leads to immediate breakdown. The experimental bounds for the delayed breakdown x min and x max can be well defined. x min is the lowest reduced field where breakdowns occur, x max is the field strength above which only immediate breakdowns occur, i.e. breakdowns with formative time lags t f less than 1 µs.
The formative time lags for positive tips without x-ray are always shorter than 1 µs and hence, breakdowns occur together with the first observed partial discharge. No delayed breakdowns and nearly no experiments without breakdown are observed. The determination of the values of x min and x max is not possible. During the experiments with geometry A breakdowns at the spherically rounded edges of the plates occurred above reduced fields of x = 0.8 for all pressures investigated.
For further investigations very short x-ray pulses were applied 20 µs after the voltage rise for a pressure of 0.2 MPa and both geometries. The source provides start electrons for the development of (partial) discharges within the gas gap and thus, eliminates the statistical time lag. With this setup, for the positive tip delayed breakdowns are observed in a small extent of electric field strength. For both protrusion lengths the delayed breakdowns occur in the same range as the first detected events in the experiments without x-rays. With these additional experiments the limits of x min and x max can be determined for 0.2 MPa. Regarding the negative tips, no changes in the limits for delayed breakdown were expected. Thus, only some exploratory measurements at higher voltages are performed.
With x-ray radiation it is possible to precisely determine the discharge inception voltage x inc [44] . The values calculated with the streamer criterion and the experimental inception levels are summarized in table 2. Both limits are also depicted in figure 2 . The calculated inception fields are slightly smaller than the experimentally determined boundaries. In geometry A the difference corresponds to about 7 kV, in geometry B it is approximately 10 kV. This was already observed in the experiments with SF 6 [44] . The main reasons for the deviation between experimental and calculated results are small discrepancies of the real geometry in the setup versus the idealized computational geometry of tip height and radius [44] .
Partial discharge and breakdown fields
The results of time lag measurements in geometry A give limited information concerning x min and x max . Thus, the adaption of the simulation of x min and x max is based on the measurements with geometry B. With an appropriate selection of the streamer radius scaling parameters C s,pos and C s,neg , the level of the simulated curves of x min,pos and x min,neg can be individually adjusted to the experimental results. With the a priori unknown parameter α 2 , representing the precursor inception mechanism, the level of the curves for x max can be adopted. This step cannot be individually done for the two polarities as the model relates them both to the same charge fraction α 2 . The result is shown in figure 3 together with the experimental data points taken for the adaption.The final parameters are summarized in table 1. The same values are used for the simulation of geometry A. The simulated behaviour of the lower and upper limit for delayed positive breakdowns x min,pos and x max,pos in geometry B follow the experimental data. The only experimental data point for x min,pos is achieved by the measurement with x-rays. This is used for the determination of the positive streamer radius parameter which results in C s,pos = 1.7 Pa m. With this value the data point x min,pos for geometry A, achieved with x-rays as well, can be well described, too. The negative streamer radius parameter C s,neg is adapted to a value of 4.5 Pa m. The fraction of first corona charge α 2 describing the upper limit of the delayed breakdowns x max is set to a value of 0.05 according to both, the negative and positive experimental results.
With this parameter set, the curves for x min,pos and x max,pos are at lower voltages than the corresponding ones of the negative protrusion. The slopes of the positive curves are steeper in the lower pressure range than the slope of the negative curves. In the higher pressure range the distance between the lower and upper limit for positive delayed breakdowns is less than for the negative tip.
Negative statistical time lag
The extension of the simulation to different field configuration according to [38] requires the determination of the mean time to the first available electron (statistical time lag t s ). For negative protrusions the first electron is mainly provided by cold field emission and can be modelled by the Fowler-Nordheim equation [45, 46] . In this equation the field enhancement factor β varies for the different tip geometries L/R, with the protrusion length L and the protrusion radius R [38] . Additionally, the effective area A eff influences the field emission but is kept constant during the calculations as t s is quite insensitive to this quantity.
The experimental results for C 3 F 8 [34] have already shown that a certain pressure dependence of the factor β is necessary to yield a good correlation to the experimental data. The values for β depending on L/R given by [38] are considered to describe the values for SF 6 and C 3 F 8 at a pressure of 0.2 MPa. To describe the lower boundaries of statistical time lags in CF 4 , according to the experimental results β has to be chosen twice as high as for SF 6 at the same pressure. Fitting an exponential function to the values of β taken from [34, 38] and the measurements presented in section 3.1 with respect to the tip geometry L/R gives an empirical formula: 
Positive statistical time lag
The statistical time lag t s for positive protrusions is determined by detachment from negative ions in the critical volume (i.e. the volume where the electric field strength exceeds the critical field strength) for attaching gases, [47] , references therein and [48] . Thus, t s can be calculated with the volume-time-law extended with the detachment rate coefficients [32] . Electron attachment in CF 4 is a dissociative process [2, 21] . Electron detachment cross sections are given for collisions of F − in CF 4 in [22, 23] . For the calculations, the detachment rate coefficients published by Petrović and co-workers are used [23] .
The number density of negative ions in the gas volume at the beginning of the voltage application is equal to the steady state ion concentration n 1 . For electrode arrangements with less than four centimetres gap distance the equilibrium density is reduced due to the proximity of the electrodes [49] . If an electric field is applied to the gas gap, the electrons start drifting to the anode and are neutralized when reaching the electrode. The subsequent ion density n 2 is determined by the natural ionization due to cosmic radiation [49] . For the calculations values of n 1 = 220 m −3 Pa −1 and n 2 = 0.1 m −3 Pa −1 are used. These are one to two orders of magnitude smaller than considered for SF 6 in [38] . For the latter a gap distance of about 5 cm was assumed which allows for higher ion densities in the range of the undisturbed equilibrium density.
The transition between the two ion densities is given by the drift time of the negative ions at the applied electric field. For the calculations the transition between n 1 and n 2 is defined by the time an ion needs for crossing half of the gap, because the maximum ion density is located in the middle of the gap due to the influence of the electrodes. The drift velocities as a function of the field strength are taken from [23] . Figure 2 shows results together with experimental data. If both ion densities are taken into account, it is possible to model the steep increase in statistical time lags for the positive polarity. The curves presented in figure 2 do not exactly fit the time lag profile. A more detailed investigation of the density distribution at every time step will be needed if even more precise data is required. figure 2 ) is similar to those in SF 6 [32] and C 3 F 8 [34] . But the results show the limitations of the geometries used. As CF 4 is more than four times less sensitive to surface roughness [15] the results acquired with geometry A give little information about the breakdown behaviour in the presence of an inhomogeneity. This was also seen in the breakdowns that occurred at the edges of the plates. Thus, additional measurements with a more pronounced tip (geometry B) were performed.
From the experiments without x-ray radiation it is not possible to extract the limits of x min,pos and x max,pos of delayed breakdowns. Without radiation, the first observed event at the lowest applied electric field still results in an immediate breakdown. Sung and co-workers [19] also reported identical values for partial discharge inception and breakdown voltages. Bibby et al [50] and Sung et al [19] suggest that the electron attachment which occurs mainly at energies between 6 eV and 10 eV [35] is a reason for this behaviour. The peak of the attachment cross section is quite small (roughly 2 · 10 −22 m 2 [35] ). Ionization starts above 16 eV [35] . Unlike in e.g. SF 6 , the gap in the energies between attachment and ionization cross sections is small. In avalanches in SF 6 the low energetic electrons are affected by strong attachment and ionization requires an elevated electric field producing electrons with energies in the ionization regime. In contrary, in CF 4 a certain electric field is necessary that electrons gain energies in the range of the attachment cross section. At the same time, assuming a Maxwellian distribution of the electron energy, a growing number of electrons reach energies where ionization can take place. As the two cross sections are located beside each other and as the ionization cross section is substantially larger the discharge development is not effectively prevented by the attachment process.
The experiments with additional x-ray radiation revealed a small field region of delayed breakdowns in the range of the longest observed statistical time lags. But the formative time lags are still quite short and delayed breakdowns are the minority of the events.
A calculation of the step length of the first corona reveals that in geometry A the first discharge extends to about 1.5 mm at x min and for geometry B to around 2 mm. Thus, the first step already crosses about 10 % of the total gas gap. Further, the shapes of the recorded current pulses show that the breakdown development needs less leader steps than e.g. in C 3 F 8 for similar conditions. Both facilitate the breakdown with the first discharge occurring.
3.5.2. Partial discharges and breakdown fields. With the experimental data points restricted to the ones shown in figure 3 the simulation parameters can be well adapted. The experiments with x-ray application are a good verification as these values and the results of the simulation coincide.
If all results are taken into account, the decrease of the negative experimental limits with increasing pressure is less pronounced than the simulated trend. The same holds for the experimental results of geometry A for negative and positive experiments except for the results with x-ray application. The reason is most probably that -as mentioned already -the gas is much less sensitive to protrusions than e.g. SF 6 . The behaviour of the negative boundaries for the delayed breakdowns is flatter than for the positive limits. This as well indicates a reduced sensitivity towards protrusions [29] .
A comparison of the a priori unknown factors α 2 , C s,pos and C s,neg to the values used for SF 6 [33] and C 3 F 8 [34] show an interesting trend: C s,pos for CF 4 is smaller than in both strongly attaching gases. This quantity is determined by one data point only. Thus, the possible variations of the value due to the uncertainty could also result in a slightly higher value. The fraction of corona charge α 2 determining the upper limit of delayed breakdowns x max for both polarities is higher than for SF 6 (α 2,SF6 = 0.02 [33] ) but lower than for C 3 F 8 (α 2,C3F8 = 0.1 [34] ). In contrary, the parameter for the negative streamer radius C s,neg is substantially higher than for the strongly attaching gases (C s,neg,SF6 = 3 Pa m, C s,neg,C3F8 = 2.7 Pa m). The main reason is the difficulty in interpreting the results of the time lag measurements with the negative protrusions.
Prediction of breakdown voltages for technical relevant geometries
With the measurements presented in the previous section 3, all parameters which are necessary for the prediction of breakdown voltages for arbitrary electrode geometries are known. The geometries are selected from experiments reported in literature. Table 3 summarizes the parameters of the geometries and the corresponding references. For some of the geometries one of the parameters needed is not reported. For these setups reasonable assumptions are made. Figure 4 depicts the simulated reduced breakdown field strengths for the geometries shown in table 3. The breakdown fields are computed for alternating (AC), positive (LI(+)), and [16, 18] negative (LI(-)) lightning impulse voltage application. Direct voltage (DC) stress results in the same curves as for alternating voltages and is not marked separately. The geometry with 100 µm tip is simulated for gap distances of 5 mm and 10 mm. The resulting curves for the different voltage stresses are the same. Nevertheless they are both shown for better visibility of the difference in the experimental results. The curve for AC breakdown decreases nearly linearly from x = 1 at 0.1 MPa to about x = 0.8 at 0.6 MPa. The reduction is less pronounced for the negative LI curve. The positive LI breakdown field does not differ from x = 1 for the investigated pressure range. Reference data for AC, negative DC and negative LI breakdown were found in literature for pressures up to 0.4 MPa. Howard conducted his experiments with and without a radium source [12] . In figure 4 the results with radiation are plotted. The deviations to results without radium source are given to 0.5 % for power frequency, 0.1 % for negative DC and 4.3 % for negative lightning impulse. A small pressure dependence can be seen in the experiments as well.
Simulation
The simulation of the larger protrusions reveals a more pronounced pressure dependence. Except for the 1 mm protrusion at pressures less than 0.3 MPa the breakdown field for positive lightning impulse is smaller than for negative voltages. With increasing protrusion length the LI(+) curve approaches the trend of the AC curve.
The results of the simulation of the 1 mm and 3 mm protrusion are compared to the measurements of the statistical and formative time lags (see figure 2 ). For this purpose for every pressure the reduced field strength x was evaluated where the first breakdown occurred within less than 1 s for the AC case and within less than 1 µs for the LI cases (i.e. statistical plus formative time lags). The literature data found for the 10 mm and 20 mm protrusion correlates qualitatively and quantitatively well with the simulated results.
Discussion
Although problems occurred while interpreting the experimental results of the time lag measurements the results of the simulations of AC and LI breakdown field strength correlate quite well to literature data. Bujotzek denoted the small protrusion of 100 µm as "technical equivalent surface roughness" [38] as it can be found e.g. in gas insulated switchgear. Thus, the literature data found for homogeneous fields is compared to those simulations even though [8] AC, [12] AC, [14] DC(-), [12] LI(-), [12] electrodes for breakdown experiments normally have very smooth surfaces with roughness less than 1 µm.
Breakdown in homogeneous gas gaps is considered to occur at the instant when the electric field strength reaches the critical field strength of the gap [51] , i.e. at reduced fields of x = 1. Especially the results for the lightning impulse voltage are slightly above x = 1. Most probably this is due to the short duration of the voltage application where the availability of the breakdown initiating electron is crucial. This is also seen by the large impact of a radioactive source on the results [12] compared to the results of AC and DC voltage.
The simulations of the protrusions of 1 mm and 3 mm show that in this region the transition of the "worst case" for lightning impulse stress from negative -for very small defects -to positive polarity -for pronounced disturbances -occurs. This coincides with the experimental breakdown limits for the negative tips which are lower or in the same range as for positive polarity for those two geometries. First electrons for positive tips are mostly provided via detachment from negative ions in the gas phase. Detachment is strongly field dependent [49, 48] . Thus, if the defect produces only a small field enhancement, the detachment process is not efficient. The analysis of the simulative results in view of the limiting factor of the breakdown shows that up to a defect height of 1 mm the positive LI breakdown is exclusively determined by the statistical time lag. For very small defects over the entire pressure ranges and for protrusions of 1 mm up to at least 0.3 MPa, the negative statistical time lag is considerably lower. Hence, the negative LI breakdown occurs at voltages lower than in the positive case and negative is the critical polarity. For the geometry with the 3 mm protrusion the limit of the positive statistical time lag is in the same field range as for the negative tip. Further the boundary for breakdown development is found in the same field range as well. Thus, the statistical time lag is not the limiting factor over the entire pressure domain.
The correlation of the values extracted from time lag experiments to the simulations (1 mm and 3 mm protrusions) is not as good as for the other cases, but they are within the tolerances. Although CF 4 is used in some applications of today's switchgear, no data was found for small protrusions for additional comparison. Breakdown voltages from literature are averaged over a certain amount of measurements or given as 50 % probability of breakdown. The data extracted from the time lag measurements gives the lowest electric field strength observed during the experiments. Thus, there was no averaging and the statistical behaviour of breakdown events is not taken into account.
In literature the simulations can be found for SF 6 [38] . The general trend is quite similar for both gases. Especially the critical polarity for lightning impulses is negative for small defects and switches to positive for higher protrusions, too. But for SF 6 this transition is nearly completed already for the 1 mm tip whereas in CF 4 it takes place above 1 mm. Further, the results in SF 6 show the higher sensitivity towards surface defects in the more pronounced curvature of the curves.
Conclusion and Outlook
In this contribution we showed experimental results of time lag measurements for CF 4 . Starting from these experiments simulation parameters of the lowest positive and negative breakdown voltage and the upper boundaries for delayed breakdowns were determined. Although the interpretation of the experimental results had to take into account the (from SF 6 ) different attaching property of CF 4 , it was possible to achieve satisfactory results from the simulation. Thus, it can be concluded, that the proposed method is also applicable to gases less attaching than SF 6 or C 3 F 8 .
Starting from the simulation of the discharge inception voltage and the boundaries of delayed breakdowns, an extrapolation towards breakdown voltages of direct, alternating and lightning impulse voltages of both polarities is presented for different electrode geometries. The comparison to literature data showed that a good match between simulations and experiments is achieved. Hence, the tools given by Seeger et al and Bujotzek et al seem to be useful for the prediction of the behaviour of gases in the range from weakly to strongly attaching as long as the streamer channel field is equal to the critical field strength of the gas, still bearing in mind the simplifications assumed for the simulations.
Future research will examine candidates from a quantum chemical search strategy [31] which showed interesting properties such as high critical field strength, acceptable boiling point and low global warming potential. For most of these molecules no or nearly no information on swarm parameters or cross sections is available from literature. But in the context of SF 6 replacement it will be interesting to see if it is possible to predict the breakdown behaviour of those candidates without excessive experimental investigations.
